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FOREWORD

This is the final technical report on wing planform geometry effects on large subsonic
military transport airplanes. This report , which has been assigned Boeing Document number
D6-463 17 for intern al use , covers work performed by the Boeing Commercial Airplane
Company, Seattle , Washington. This work was under the direction of Dr. Charles E. Jobe .
Air Force Flight Dynamics Laboratory/FXM , Air Force Systems Command. Wright-Patterson
Air Force Base , Ohio.

~~~~~~~~~~~~ was the program manage r and R. M. Kul fan was the technical integrator and •

principal investigator. Others supporting the effort were R. D. Anderson , V. D. Bess, W. N.
Holmquist . K. Kumasaka , R . 1. Sullivan , G. ~~~ . Sw inford, J . H. Ward , H. Wito nsky, and
1. L. Wright.
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SECTION 1

INTRODUCTION

Increased concern about the cost and availability of aviation fuel , in addition to possible
requirements for global-range movement of large payloads , suggests a need for efficient
mili tary transport aircra ft designs that conserve fuel .

4

The recently completed AFFDL/Boeing Boundary Layer Control Technology Application
study~~ evaluated large military transport designs that incorporated various advanced
aerodynamic concepts. The study identified laminar flow control (LFC) as the aerodynamic
concept offering the greatest potential for conserving fuel. A more in-depth preliminary
design study (2) was then conducted to further assess the potential performance and eco-
nomic benefits of the app lication of LFC to very large military transport airplanes. These
later results indicated that LFC can provide large reduction in fuel usage , and lower gross
weights. The life-cycle costs were found to be very dependent on airplane utilization , on
technology complexity costs, and on LFC total systems weight.

Purpose of the study reported herein was to conduct a preliminary design investigation of a
large t urbulent flow military transport airplane. Study tasks included:

• Wing geometry/cruise speed optimization of a large turbulent flow cantilever wing
military transport airp lane

• Preliminary design and performance evaluation of a strut-braced wing transport airplane

• Performance and economic comparisons between the strut-braced wing and cantilever
wing configurations

• Aeroelastic structural analyses of very large-span wings of graphite / epoxy sandwich
construction (1985 technology)

The study approach is described in Section II. Final configuration characteristics , perfor-
m ance, and economic com par~sons are presented in Sections III and IV. Section V describes
the cantilever wing geometry/cruise speed optimization study. Structural analyses of the
large-span wings are summarized in Section VI. The remaining sections contain research and
developm en t recom m endations , and the main study conclusions.

I .  Kulf a n . R. M.. and Howard. W. M . : “Application of Advanced Aerod yn amic Concept s
to Large Subsonic Transport Airplanes.” Tech . Report AFFDL-TR-75~l 1 2.
November 1975 .

2. Kulfan . R. M.. and Vachal . J. D. : “Application of L an in a r  Flow Control to Large
Subsonic Military Transport Airplanes. ” Tech. Report AFFDL .TR-774~5. Jt , ly 1977.
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SECTION II

STUDY APPROACH

Design mission objectives for the study configurations included:

• Range 10,000 nmi

• Payload 350,000 lb

• Takeoff field length = 9.000 ft

• Mach number: determined by tradeoff studies

Payload density limits were set by the requirements to carry either 75 military standard
cargo containers or three M-60 tanks.

The general technology level assumed for the study configurations , as shown in Figure 1 ,
corresponds to projections that would allow start of prototype production in 1985. First

• flight would occur in 1988 or 1989. and airplane in service would be after 1990.

This study used the substantial data base of Boeing in-house large freighter studies , and of
the previously mentioned USAF/Boeing advanced aerodynamic technology studies , to
provid e design ground rules and configuration development guidance.

The design development and analyses methods that were used to develop each of the study
configurations are described in Reference 2.

1975 1980 1985 1990 1995 2000

ENGIN E I
TECHNOLOGY L FIRST
LEVEL FL ..~HT

STARIOF AIRPLANE IN SERVICE
PROTOTYPE
PRODUCTION

Figure 1 Study Technology Levels

3 ~~

L - -- - —~~~~-~~ ‘- ‘



-. —--•“.‘ ---‘ -.‘ -‘—-‘~~~--,-~~~ --—---- -,---- ~ ~-‘- -- • •-,.,‘-—,~----.- 
,—-.- —--.---‘-‘ -__. -‘,~“

.-,._ _ ---• -~~ •, -—-- —- ‘-—- , -

The approach used to achieve study objectives is summarized in Figure 2. The ini t ia l  task
was to define the reference cantilever airplane configuration. This configuration was derived
fro m the reference turbulent airplane. Model 767-768, of Reference 2.

A wing geometry/c rui se speed parametri c optimization study was then conducted for this
cantilever wing conf iguration. Results ot’ the parametric optimization study substantiated the
selection of wing pl an t ’orm characteristics of the new re ference configuration Model 767-768a.

A baseline strut-braced wing configuration was developed from the reference cantilever wing
configuration , with structural and aerodynamic design guidelines from Boeing in-house
braced-wing large freig hter studies. The strut arrangement selection was guided by
specifically conducted structural analyses. The baseline strut-braced wing configuration was
then sized to meet the mission objectives. The sized strut-braced wing configuration Model
767-790a definition was then completed.

Economic analyses were then made of the cantilever wing configuration , Model 767-768a.
and the strut-braced wing configuration , Model 767-790a. Calculations were made ot’
20-year life-cycle co-.~s. and of 60-day surge condition operating costs.

The aforementioned design , para metric , and economic analyses incorporated statistically
derived parametric weight evaluations.

Detailed analytical structura l and weight analyses were then conducted for the final
cantilever wing and braced-wing configurations. Additiona l structural and weigh t analyses
were made for the canti lever wing. with increased wing thickness distributions. Results of
these detailed weight evaluations were combined with the weight sensitivity study results
to finalize the cantilever wing configuration and braced-wing configuration performance
comparisons.

Characteristics of the final cantilever wing and braced-wing configurations are discussed in

• Section III .

4 
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SECTION III

CONF IGURAT ION DESCRIPTIONS

This section contains a description of th e fitia l cantilever wing and strut-braced wing
= cont igurati ons. Considerations that  led to the final configuratio n arrangements are

discussed below. The performance and economic evaluations of th e final con figurat ions are
discussed in Section J~/ •

I . REFERENCE CANTILEVER WING CONFIGURATION , MODEL 767-768a

I’he referenc e canti lever wing conf ’igur at ion t ’or th e study report ed herein was derived from
th e baseline turbulent  flow configurat ion , Model 707—7 6 8 of ’ R el’erence 2. which is shown

• in Fi gure 3. Model 7~ 7-7~ 8 was reanalyzed, and the following updates were made: a 3’
reduction in reserve f uel allowances , a 3’ increase in induced drag f’or nonopti mum span
loading, and ai~ increase in the takeo f f ’ field length calculation temp eratur e to 90° F, instead
of ’ the original 590 F . Model 707—76 8 was resizeti wi t h  these updated inpu ts  to detine the
pr esent reference canti lever configuration , Mod el 7o 7-708a . Fuel re quiremen Is and gross
weight increased hv approximat e l y 2 ’ as a resu lt of these upd ates. I’he weight and geomet-
rical characterist ics of ’ Model 7o7-7o~ , and the upd at ed configurat ion Mod el 7~ 7—708a , are

• shown in ‘I’ahle I

Geometrical features )f Model 767-708a are i l lus t ra ted in Figure 3. The ref ’erence
con figurat ion featur es a three-bay oval fuselage tha t  was dictat ed hy design payload
requirements.  This arrang ement provides th e necessary space for th e low— den sit payload
of ’ 75 mi l i ta r y  cargo containers wi thout  requiring excessive cargo floor length.  ‘l’he kneeling
landing gear r esults in a cargo floor loading h eight of 84 iii . I’he body has f r o n t  and af ’t
loading capabi l i ty  for  the cargo containers and for light vehicles . ‘I ’lie high-density payload
cofls~st i flg of ’ three M-hO tanks requires front loading and un loading. The fuselage has an
advanced one-piece windshield design to minimi ze  t’orebody d rag. ‘l’his design provid es
direct viewing , and incorporates a conventional fligh t deck w ith  stat e-o l~the-ar t display s
and controls for fl it ’  I 985 t ime period. The design would require development of ’ an
optically corrected smooth structural  windshield and a seamless seal assem bly.

Wing t lanf b rm char acteristics were selected for e ffi cient long—r ange cruise coiis idcr ations
incor p oratin g the benet ’its of ’ active controls and advanced composites structural  mat erial s .
‘rIt e hig h— l it ’t system includes 747 SP—type single-slotted trailing— e dge ( F l  ) flaps , and varia b le
camber leading-edge ( I F )  flaps. The TE flap has a chord ratio (( ‘I : ’( ’) of ’ 0.225 and a
1-owler motion ((“ /(‘) of 1 .08.

The canted “ir ” tail empennage arrangement is a s tructural ly ef ’f ’icient design tha t  provides
the desi red drive-through and air—drop capability. l’he’ use of ’ acti ve controls , fogef her with
the double—hi nged rudder , results in minimum tail areas .

S
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Table 1 Initial and Updated Cantilever Wing Airplane Characteristics

INITIAL UPDATED
CANTILEVER CANTILEVER

WING WING
ITEM AIRPLANE . AIRPLANE ,

MODEL MODEL
767.768 767.768.

Design mission Payload, lb 350.000
Range , nmi 10.000

10GW 1,665.800 1, 701 .560

Weights. lb OEW 608.600 628,230
Block fuel 668.600 685 .050

Reserves 43,300 42,880

Area . ft 2 14.785 15.755
AR 12 12

Wing t ic Inboard /outboard 0.14/0.08 0.14/0.08
A~14. dog 20 20
W/S , lb/ft 2 112. 7 108.0 

-

Engine type/no./BPR STF 482/4/7.5
Engine 

SLST. lb 77 ,200 T 80,720
T/W,Ib/lb 0.185 0.190

TOGW BUILD UP 
I

2.0

MODEL MODEL
767-788 767 768.

W~~GHT. 

1.5 - 

F(f
L ~~~

1.0 
~~~~~~~ 

AUERVES

::~~ oEw

~

. 

pAv~OA0 

~
j ’

I
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lh e  propul sion sy stem includes four  1985 technology high bypass ratio ( B PR )  engines. The
engines are located on the wing primari ly becatms~ of ’ airplane balanc e r equirements and
engine design constraints (SIST~~90.000 lb) tha t  require a min imum of f ’our engines for t h e
sIud ~ airplan es. Airplane balance is the correct relationship of ’ th e center of gravity (cg)
of the airplane to aerodynamic stabili ty lim its for dif ’frrent loading conditions. This
re lat ion s itip is more dif ’f’icult to achieve when the engines are on the af ’t fuselage , especially
for aircraft wi th  it ea vy Ixlyloads and large high bypass ratio engines. Because of ’ the
d i f ’ferencc between the position of ’ ti le payload cg and the propulsion system cg, large sltit ’ts
in the airplane cg would occur from one operating condition to the next .  l h e  spanWiSe
locations were set by f lu t te r  consid erations and provide wing bending relief ’.

2. STRUT-BRACED WING CONFIGURATION . MODEL 767-790a

A strut-braced wing of ’f ’ers the possibility of ’ structurally efficient large-span wings .
(‘onsequent ly , a strut-br aced wing conf igur ation was developed f’rom the reference
cantilever wing configurat ion to explore the potential performan ce , economics , and
structural henef ’its.

Results of ’ Boeing in-house strut-braced wing large freighter studies were used to provide
aerodynamic and structural design guidance in defining the wing/stru t arrangement. The
success of a strut-braced wing is very dependent on achieving a structurally e fficient design
without  encountering signi ficant wing/ strut unfavorable in t er t ’erence effects. Previous
Northrop studies and recent Boeing wind tunnel results (Figure 4) indicate that aero-
dynamic interference between wing and stru t can he minimized by proper tailoring of ’
the wing and/or stru t , particularly near the winglstru t intersection. Additional detailed
aerodynamic design aIl~1 t Cst verification are necessary to id enti t ’y minimum strut effects

• on profile and on compressibilit y drag. An interference t’actor of ’ I (Y was applied to the
strut-isolated prot ’ile drag, and a crit ica l Macit decrement of ’ 0.0 1 was used to account for
s t ru t  interf ’erence ef ’t’ects in the study reported herein.

A large number of design variables must he examined to l’till y optimi ze a strut-braced wing
design. Consequently , results of ’ af ’orement ioned Boeing strut-braced wing studies , such as
shown in Figure 5, were used to define the strut-braced wing conf ’igu rat ion t’or this study.
Design guidel ines used to develop the strut-braced wing configuration includ ed:

• Strut /wing at tachment  angle = 12 deg
• Strut thickness /chord ratio 1 or; This is 2 greater titan the outboard wing thickness.
• The wing planfo rm outboard of ’ the a t tachment  station is geometrically similar to the

refe rence cantilever wing planfo rm (Model 767-768a) .
• Inboard of’ the stru t attachment station, the wing chord is held constant.
• The sweep of ’ the stru t and the wing quarter chord sweep are equal (20 deg) .

1
______________________________  — • ——‘ -— -~~---.-.-‘~~-•---—- .—— -- •--—- ‘- .• .—
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•STRUT ATTACHMENT

T l • 0

150 it - -—
j

140 — 

I

WING G STRUT 
-.

WEIGHT , %,, - 0.4 12° TO 15°
3 SOLID

10 lb CORE H/C ~% • MTW - 1, 101,000 lb
•A R - t5.0

‘1 0.5
.20 

H/C SPARIS— ’ \ 
‘

~~~~~

I tO 

AND COVERS

~~~~~~~

LOCUS OF MINIMUM
~oo WING . STRUT WEIGHT

AT ANY STRUT ARIA

—~ 
_. I

0 500 1000 1500 2000 2500
STRUT AR EA. ft 2

® WING PLANFORM OUTOOAR DOF JURY
STRUT SAME AS CANT ILEV ER 1 17 STRUT®©
WING PLANF ORM ~~

r ‘-
~~~~ ~iI-”~

® :::~: 
INBOARD WING 

STRUT (~
)

© MAIN STRUT CHORD - 50% WING

(j ) MAIN STRUT SWEEP .’ 20°. tie • 10%

® JURY STRUT AT MAIN STRUT
MIDSPAN , t/c - 5% I

• © JURY STRUT CHORD - 50% MAIN STRUT

Figure 5 Strut’Braced Wing Design Considerations

t’he chord of th e strut was detenu iited as t ite t i l a x i t i t t i t i ’  chord k ’ngt ft th a t  satis f ’ics fbi ’
following cr i t er i a

I Strut  sweep ~‘¼ l tt . tI5 W i l l s  \5~

2 1 catt ing edge of th e strut  f a l l s  behind the leading-edge h ips at th e istit hoard
att ach it ten t st .iI loll

.~ I Strut  ,if t actic s to t h i t ’ I tisclagi ’ htilkltead ahead of t l t c lot  ~‘ittOs I It hi l i t  LInduIg g~- aI
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t hese criteria resulted in a strut chord equal to one-halt ’ the wing chord.

rht’ ~i ing th ick ite ss chord detInifl on is th e saute as on th e referenc e cant i lev er  wing ( l4
i nboard . S outboard ). The braced wing is t l t inner  inboard than the r efer ence wing becau se
oh the reduced inboard wing chords . l’he braced wing was “sltea red-up ’ inboard equal to
half the reduction in wing thickness , so that  tile top of ’ t he wing matches t ite re fe rence con-
figurat ion at the wing bod y junct ion.  This prov ides the great est wing, st ru t  spacing at the
body wi thout  changing the fuselage design . the  combinat ion  of ’ st ru t at t a c i t n t e n t  angle a n d
side of ’ the body wing , strut spacing results in a strut  a t t a c l tn t e n t  of approximate ly  4 ~ • w i ng
scm ispan.

flt e inboard engine is located ~t th e strut  a t tachment  s ta t ion.  F lt t ’ ~fl 5fl~~ s t ru t  w I t lg
at tacl ln le i lt  provid es a in i n in lu n t  wing ; strut  separation distanct ’ of 20 in.  [he outboard
engine location is ui t char tged re la tiv e to t ue  canti lever wing locatio n. l’he le ading— edg e and
trailing-edge flaps , spoilers . etc.. are constant length inboard of tile s t ru t  a t t a c l t i n en t  s t . t t ton .

The sit ort eited inboard wing  chords reduced tile wilIg area. (‘onse quently - th e aspect n . i t n o
was increased trout I 2 to ap proximate ly  I 3.5.

In i t ia l  st ructural  analyses of t lt e strut— b raced win g indicated tile desirabil i ty of a jury st r u t .
(‘onsequ ently - the f inal  s trut— brac ed wing defini t ion includes a ~ thick jur y  s t ru t  located
at nudspan of the i t l a in  s t ru t .  i’he jury  s t ru t  chord is on e—half of ’ the main s t ru t  ch ord . [he
strut-braced wing design considerations are Su illifiarized in Figure 5.

The general arrangement of the strut-braced wing configuration tha t  was developed from t I le
aforementioned design guide lines is shown in Figure b.

3. CONF iGURATION COMPAR ISONS

Geometrical characteristics of ’ the final sized cantilever wing and strut-braced wing
configurations are summarized in Table 2. Group weight statements are shown in Table 3.
Cruise drag comparisons are shown in Figure 7 . The cantilever win g and strut-braced wing
configurations have rela tively high l i f t /drag ratios (27 .8 and 2o. 7 . respe ctively) . This is
because of ’ the large wing span/wetted area ratio.

Gross wei ght comparisons of the study configurations are shown in Figu re 8. In i t ia l
comparisons based on parametric statistical weights indicate that  t ile gross weigh t oh the
cantilever wing configuration is slightly less than that  of the strut-braced wing. Airplan e
evaluations using analytical weights , based on the detailed structural analyses (descr ibed in
Section V I ) , indicate that tile stnit-braced wing configuration has approximately 4(’ less
gross weight that the cantile ver wing configuration.

12
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Table 2 Configuration DesIgn Characteristics

CANTI LEVER STRUT-BRACED
WINO AIRPLANE , WING AIRPLANE .
MODEL 757-751. MODEL 7$7~750.

P.ylo d. lb 350 000
MAJOR Rang. , nmi 10,000
DESIGN
PARAMETERS Cruise Mach number 0.78 0.77

P.iil TOFL. ft 9.000
10GW , lb 1,701,560 1,734,250
OEW . lb 628,230 623.680Weights Fuel , lb 685,050 721 ,620

_________________ 

Reserves , lb 42 ,880 44 .020
Length , lb 252 

—

Fuselage Max diameter . in. 426.5

—~~~~~~~~~~ Wetted area . ft 7 21,927
Nose 4(49 * 17)

Landing gear Main 40149 * 17)
Area. ft 2 15,755 14 ,454)
Wetted area , fn~ 27 .676 26 . 143

AR 12 13.4

Wing ‘~/4~ 
de~ 20

Span. ft 434.8 440.0
it . inboard/outboard 0.30 0.0/0.63
MAC, ft 39.7 35.8

_______________ 
tic , root/tip 0.14/0.08
Area , ~~~ 2,628 2 ,375
Wetted area . f t 2 

_________ 
5,250 4 , 744

AR 5.07

Horizontal tail ~cJ4’ deg inboaid/outboard 
— 

0.0/22.5
It, inboard/outboard 0.0/0.63
f /c 

— 
0.11

MAC , ft 23.2 22. 1

________________ 

Tiil vol coeff 0.6 15 0.669
Area. ft 2 2.624 2.467

Wetted area, 
- 

5.248 4,934

AR 1.0__________- 
54

Verti cal tail 0.52
tIc 0.12
MAC , ft 40.0 

— 
38.8

Tail vol coeft 0.044 0.045
Type/B PR STF 48217.5
Number/Locatio n 4/wing mounted

Propulsion 
SLST . lb 80, 720 81 , 770

Wetted area . f t 2 3.26 1 3,304

14 
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Table 3 Configuration Weight Comparison

CANTILEVER WING CANTILEVER WING BRACED WING
CONFIGURATION , CONFIGURATION . CON FIGURATION .

ITEM MODEL 767-788 , MODEL 767-788. MODEL 767-790.
lb lb lb

Wing 211 .000 223, 170 217 .570
Horizontal tail 11 .900 12,300 11 . 120
Vertical tail 15.430 16.920 1 5.910
Body 186.630 187 ,460 187 .820
Main gear 37.600 37 ,940 38.380
Nose gear 5.760 6,180 6.250
Nacelle and strut 23,800 24,900 25.220

Total structure 492,210 508,870 502,270

Engine 50.030 52,710 53.520
Engine accessories 1,330 1,330 1.330
Fuel system 6,740 7.040 6.640
Engine controls 320 320 320
Starting system 320 320 320
Thrust reverser 6.770 7.090 7,180

Total propulsion group 65,615 68,810 69.310

Auzilia ry power unit 2.000 2,000 2,000
Instruments and nay equipment 1 .270 1,270 1 ,270
Surface controls 21.310 21,290 22,360
Hydraulic/pneumatic 4.680 4,770 4 .860
Electrical 3.120 3,120 3,120
Avionics 3.140 3:140 3.140
Furnishinge and equipment 6.710 6,710 6.710
Air conditioning and equipment 3.620 3.620 3.620
Auxiliary gear 270 270 270

Total fixed equipment 46,120 46,190 47,350

• Manufacturer ’s empty weight 603.840 623.870 61 8.930
Crew 1.290 1,290 1,290
Crew provisions 320 320 320
Oil and trapped oil 600 600 600
Unavailable fuel 800 800 800
Pay load provisions 1 .750 1.750 1 . 750

Total non.xpend.d useful load 4,760 4.760 4,760

Operationa l empty weight 608.600 628.630 623.690

Pay load 350.000 350,000 350.000
Mission fuel 668,600 685,050 721 .620
Reserves 43 ,300 42,880 44 ,020

Takeoff gross weig ht 1.655,800 1,701,560 1,734 ,254)

WEIGHTS COMPUTED BY STATISTICAL WEIGHT METHODS

15
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CRUISE DRAG BUILDUP
[
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A T C~~- 0.5
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N - 0.18
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Figure 7 Cruise Drag Polar Comparison
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Figure 8 Gross Weight Comparison
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SECTION IV

CONL ’ K Lt RA i ’ION Pt KL ’ORMAN C I ANt )  ECONOMICS

I I t t ’ ~~. l I t t I I c ~~i,’i ~ i i ’  ,~i ttI  ‘~t I t l t  l i I . 1¼ ¼ ’Il ~ ing t t i I t l l g L I I ~l l l r i I i ’~ tikt~U\,~t’tI I I I  ~~~~~ Ikit i  (1 
~% t ’ i t  tISt’ tI

II~ t ’~~Pt ¼ b i t ’ t l t t ’ 1~ r it i ’i t t I . i t  II i i I~.It l t~l .1 t~i.Itt ’tI %~ t IL i ~ r~ it ILIt’I, ~ ‘~‘~gIti, IiI~ ¼ I. II ’ ¼ I i ~II’., ,lI l¼I
t~l~I.’I,tlIit).~ ¼ ¼ ~’.I’~ ~iI I.ii ~~~ i l t i I I t , I i  \ li.lll ’4’ riI  I .t l I $’ i . l l i t ’

I .  %IIS SION R U l E S  .~%N I ) PL RI ’O RMA N CI  OL IJ ICI  I V I S

I ligiti ~i i o t  u t ’ ’. ,IiIJ llIis ’,it iIl t t i l t ’ ’. t I’ .t’ ti III tit ’vt ’k) pll)g h i t ’ ~t t l t i ~ ¼ ’I)nhlgLIl.IIII’It’. ,ti .’ ‘.Itti~t it lit

I ~t~~ii~~ ~)

~~~~~~~~~~~~~~~~ISSION RANGE
• 10,000 nm,

MISSION ELEMENT ALLOWANCES

® START , T A X I . T A K E O F F  •s  mm AT MAX CRUISE THRUST AT SEA L E V E L

• I mm AT MAX TAKEOFF THRUST AT SI A L E V E L  V

~~ CLIMB • CLIMB FROM SEA LEV E L  TO BEST CRUISE ALTITUDE
AT MAX CL IMB POWE R

(3~ CRUISE CLIMB •CRUISF CLIMB AT REST CRUISE ALTITUDE

~~~~ DESCENT • NO AL LOWANCE FOR FUEL . TIME . OR DISTANCE

RESERVES

~~ LOITER • 30 mm LOITER AT MAX ENDURANCE SPEED AT
SEA LEVE L

L6~ LANDING • LAND W ITH 5% OF INITIAL MISSION FUEL

NOTES ~~ S EC IS INCREASED BY 5% THROUGHOUT THE MISSION

® TAKEOFF DISTANCE IS BASE D ON ALL ENGINES OPERATING

• TAKEOFF SPEED - , 1.2 Vi

• DISTANCE TO 50-ft OBSTACLE ‘- 9.000 ft . SEA L E V E L  90” F
•ONE ENGINE OUT CLIMB REQUIREMENT .~~ 100 tt mmn

~~ INITIA L CRUISE ALTITU DE .‘ 30,000 ft

® ENROUTE CRUISE SPEED -‘ 300 ktas

Figure 9 Flight Pm file and Mission Ru/es
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The fo l lowing pertorittance objectives and constraints have Iteen used to s~ /c airp lane
conf igurations

• Objectiv es :

• Payload 350,000 lb
• Range = 10 ,000 nnii
• (‘ruise Mach:  determin ed by trad eo ff  studies

• (‘onstrairits:

• Field l en gt lt  : ~
),00O I’t nta x intLlitt

Range aitd pay load obj ect ivi’s w el t ’ t he  defined goals of I hi’ SI tIdy to it icet I he lOItg—ia ngi ’
m i l i t a r  a i r l i l t  requirem ents. The ¼) ,000 ft mil i ta ry  crit i ca l field leng t l t  r e qu i rem en ts  will
allow operation tr()m existing runw ay s .

2. ENGINE AIRFRAME MATCH iNG

l’he procedure used to sii.e the airplane configurations includes Ute folIo~ ing ‘.lt’p’.. I ir’.t
• the detatled lavou t s  o f  (he calif iievt ’r w ing conhigtllal ion , Fii~uut ’ . , and I lie hr,Iietl- wiItI~

con ligurat ton , l igure ( , were eva luated to pi’oviile base ~ O~it I lit rust , ‘.% t’igli I , ~Ii’I0tl\ ila uut Ic .
and flight control data. I it addition , scaling relations we lt’ derived LI~ luul lti’i aital ~ se’. to
account for changes in wing site , engine si/c , and gross weight ariations in the iesiiiitg
cyc le. A par ant et ric eng ine / a i r t r an t e  Ittatc hing method described in Refe rence .~ ‘.t .15 used to

determine the best combinat ion ot engine si/c , wing site , fu el reqUlre ltte ltts , and gloss
weight necessary to achieve the design mission objectives.

11w design select j olt c ita rt for t h e  reference cantilever wing airplane is shown in t igu ic It ) .
lit is type of design chart parametrically shows t ite elte ct of thrust we igltt ratio I W 1 and
wing loading W S) on the airplane gross weight and block fuel re quir ent ents .  Performance
factors , such as takeofl’ field length (TOFL), initial cruise a l t i t u d e  capa bility ( l( ‘A ( ‘ I . and
the ratio of t ite initial cruise lift coe ti t c ien t  capabi l i t y  to the lift coi’lf i c i en l  Ioi m a x  ilt itlilt

l i l t ;d r ag  ratio ((‘ LR ‘I a lso are identified.

t h e  minimum gross weight for the cantilever wing airplane requires a high ~ tug loading ot
approxinia tehv 14() ih ft 2 . With the high wing loading. fbi’ i’omtliguralion cou ld not llti’el t lte
FOE I requirements. Ftme ntinintunt fuel burned arrangement . wltic ht requll .‘‘. a lower ~ lug

loading I 1(1 lh• ft 2 ), also does not meet the takeol’l’ lieki requirements 01 ¼) ()~)() It. I he
t’inal desi gn for the turbulent airplane was se lected by considering t he trade hetwecit iut’l
bun ted and gl oss weight alomtg the l ’Of”L = ~

),0OO—l ’l i’Onsl r~iinl lint’ ( l iguit ’ I I)  liti’

~% .11 la~e . R . I • ‘ ‘‘ Pa ra mit e ti le and Op Ii i t t  i ta lion I e cli ti u~ lit ’’. t~ im \ ii pla iie I )e’.ig ii

S~ itl ht”.m’..’’ Paper No in \( ;\ Rft I .S•~ u’. , April ~ 1.
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~ 20°
tic ~0.14/0.08 2.2
MACH = 0.78

10GW .0.9 ’
10 lb

8LKF ,

WING LOADING W/S. lb/ft2

7 8 9 10 11 12
SPAN LOA DING W/b2. lb/ft2

Figure 11 Cantilever Wing Airplane Design Selection

selected desig~i. which has a w ing loading of’ 108 lb/ft 2. has almost the m i n imum t’uel and
gross weight possible t’or this configuration,

The corresponding design selection chart f’or the strut-braced wing cont’iguration is shown in
Figure 1 2 .  The mi r t in tunt  gross weight configuration would require a wing loading in excess
of 140 lh1 ft 2 . The design wing loading for minimum fuel is less that 110 lb/ft . Neither
configuration meets the TOFL requirement. The final desi gn selection for the strut-braced
wing configuration , as shown in Figure 13 . has a w ing loading of ’ 120 11)/ft 2 .

3. PERFORMANCE CO M PARISONS

Weight and pert’ormance characteristics of the cantilever wing and strut-braced wing
configurations are summarized in Table 4, These results , which were derived using
parametric statistical weights , indicate that the gross weight and fuel consumption of the
strut -braced wing airplane are 2~ and ~~ greater , respectively, than the cantilever wing
airplane.

The weight of the large-span wings of’ t he study configurations is a major area ot’ uncertainty,
Consequent ly, sensit ivity studies were made to determine the efl ’ects of variations of wing
weight on the gross weight , fuel consumption , and size characteristics of the cantilever wing
and strut-braced wing configurations. Results are shown in Table S as sensitivities expressed
as percentage change in fuel, gross weight, etc. for a 10~ change in base wing weight. A
10’ ; variation in base wing weight changes t’uel consumption and gross weigh t of the study
conf igurations by approximately 4’ .,

20

Li • • ~~~~~~~~~~~~~ ~~~ 
.-  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



§
,j ti~ ,~~

.
~ 

2 ~‘
Q g , R ~ 

II

..a 6 ‘~~ U
- 

-~~~~~
I-

c~~ . & ~IX~’k~I~ I ~~~~~ ,,. -

~~ U 
‘

~~ 
ts It % i’k \)“ I fl J’4’l z

~~ ~~_~~_ .; I .I-J.. ~~ ~J)~t~I I 2
01 \~~~j  ~

,\\ l’I~l~~I(#1 °~ ~~ N !l~~ I t\  % J i l l  I I  ~‘.‘.
~, ~ ~i u ~u r.i ~

‘

~ ~~~~
/
I

. 9 / / ~ / \ . 2  ~

I
/ I

II II I— 
~~ ‘Ia

& / Ii I
~~ Z>.  / i i  I

I .
~~~~~~

I~~~I

a a a a a ó a ~ a e a a a

21



RANGE = 10,000 nmi WING GEOMETRY
PAYLOA D 350,000 lb AR - 13.4
MACH = 0.77 tIc - 0.14/0.08
MIL TOFL 9,000 ft ‘~c/4 - 25°

10 - LSEL ECTEDDESIGN1 
- 2.0

BLKF , 10GW ,
lb 

— 

~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TOGW 

- 1.8 
io6 lb

8 - FUEL - 1.6

7 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~~
WING LOADIN G, WIS, lb/ft2

Figure 13 Strut’Braced Wing Design Select/on

Detailed st ructural  analyses described in Section VI were used to develop more accurate
analytical weight estimates of’ the base cantilever wing and strut- braced wing. Addit ional
eva luations were made to deter itt ine t h e  eft ’ect of wing thickness distribution on wing weight ,
The cantilever wing configuration and the strut—braced wing cont ’iguration were resi,ed with
t he base wing weights determined 1w the structu ral analyses .

Ft ’fects of ’ w ing thickness on the gross weight, fuel consumption . and OFW ol’ the cantilever
w ing configuration are shown in Figure 14 . Results obtained with the statistica l weights

• indicate that the 0,14/0,08 tttickness distribution minimizes fuel burn ed , gross weight , and
OEW , Results of’ t he analytical weight evaluation indicate that the weight of ’ the thinnest
wing is significantly heavier than indicated by the statistical weights . l’he statistical weight
and analytical weight evaluations of’ t ite th ickest wings were nearly equal, Consequently.
results obtained with the analytical weights indicate that minimum fuel consumption is
obta ined with the thin wing (0. 14/0.08). Thicker wings. however , will reduce gross weight
and empty weight.

The analytical weight evaluations of ’ the strut—braced wing indicate that t h e  wing wei ght is
higher t Itan had been predicted by the statistica l weights. The relative we ightt increase was
not as great as for the comparable thickness (0. 1 4/0.08) canti levem’ wing. h ence , using t lte
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Table 5 Airplane Sensitivities to Wing Weight Variations

PERCENT CHANGE FOR A 10 PERCENT
INCR EASE IN WING WE IGHT

QUANTITY CANTILEVER WING STRUT-B RACED WING
A IRPLAN E AIRPLANE

A R - 1 2 AR - 13.4
t/c — 0.14/0.08 tIc — 0.14/0.08

Empty wei ght.
Uncyc led 3,3 3.2

—Cycled 7.3 6.3
Gross weight 4.? 3.4
Fuel burned 3.4 2.6
Thrust requ i red 4 , 1 3. 4
Wing area 4.2 3.5

GROSS WEIGHT ( BLOCK FUEL
S ANALYTICA l, WEIGHTS
e STATISTICAL WEIGHTS

~~~~~~~ 
5

~~~~~~~~~~~ L0v1 *IN03
,

/ CANTILEV WIN

<

~~~~

,,,
,,

d’

WING ~~~ ,, WING
• I— —

0 

RE 

~~~ 

-
~ 

“ .1 0 

RI IIINCI -

~~ I
0.00 O .lO 012 014 000 0 10 012 0 14

WING OUTSOARD, t/c WING OUTSOARD, t/c

01W 1 WING DEFLECTION j
15 • WING TIP CRUISE

DEFLECTION

1. • WING TIP TAXI
DIP LECTION

10 
CANTILEVE R WINOS 1 

~~ CANTILEV ER WINGS ± OUTSOARDENGINI

S • ,‘ STRUT. 0 4~
_.

/ BRACED ~~~ SHAPE -

WING TAXI GROUND LINE

_ _ _ _ _ _ _ _  : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

001 ’ 0.10 0.12 014 000 0,10 012 0.14
WING OUTBOARD. tic WING OUTBOARD . tic

Figure 14 Large—Span Wing Comparisons
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res ults of the itiore accurate anj l~ t ic.il weig ltts . the si lilt- braced ~ iit g require s L’s’. fuel

~~
— I .~~~ - f . los%er gloss weight ‘ I .~~~ 1. aitd lower enipt) ~ eight . - I. thiai t the calt t I le~ei wing

s~ nIt thte ‘‘best ’’ t hickness dist ributlolt It) IS 0. 1W lii addition , the cruise Macli nult iber of
the st rut —brac e d wing would be s lightly i.i’.tel than the th i cker  10 I ~ t) lOt c.inIile~ei ~ tug

I lie results in I’ igurc 14 also indicate t l t at I I t ~’ si i t i t— br.Iced ~ tug is el Iect i~ e in i’educing ~ ing
a~ i def lect ions .

4, LIFF-CYCLE COSTS ANt ) OPER,&TIN(; COSTS COMPARISONS

L eonoittic ana lyses ~ ere made to determine the t)-~ ear l i fe-cycle cost s and surge condition
operatIng costs of I he cantile ver w ing and thc strut—braced wing contigurat ioit . I, ;rouitd rules
t~ r the Ii f~’—~’~ cle cost calculations are summarized in Figure I 5. l’he low utilization rate ol

I ,08() flying hours per airplane used for tlte Iife -c~ c le LOs t calculatio ns is about one-third to
one— quarter t l t at of t he annual usage of contntercial transports.

Re l.Iti% e l i fe—cycle cost s are shown itt hgure I ~ - I able o conta ins the l ife—cycle cost

e lem ents . ProductIon costs are the major cost items . Fuel costs ntake up a relatively small
p ortion of the total  life-cycle cost s , hec,utse of lt~’ airplane low-utilization rate,

[LI FE-CYCLE COST ELEMENTS]

REFERENC E
CANTILEV ER STRUT-BRACED
WING AIRPLANE , WING AIRPLANE .
MODEL 767 788. MODEL 787 790.

STUDY GROUND RULES 1.0 .!!~~: ‘ ,:.- . :~~~~~~~:.~~• :  
-

• 1~~’l& F~f~I A DC  RELATIVE FUEL
LIFE-CYCLE

• 20.YEAR OPERATIONS AND SUPPORT COSTS ~~~~~~~~~~ —_
• 112 UNIT-EQUIPPED AIRPLANES ‘ ~~~~~~
• 12 COMMAND SUPPORT AIRPLANES 

~~~~~ 
GPO ONE

• 5 TEST VEHICLES, 4 REFURBISHED .

• 1.080 FLYING HOURS PER UNIT.EOUIPPED ~~~~~
AIRPLANE PER YEAR—PEACE TIME o.s . 

~~~~~~~~~~ _______

a •7SOUA DRONS
• 1.500 FLIGHT TEST HOURS
• 24 MONTHS PRODUCT DE VE LOPMENT 

0.4 . PROOUCTION

.53 MONTHS FROM 00-AHEAD TO
CERTIFICATION ,

• C.141 USED AS BASE FOR OPERATIONS ~~~~-...
AND SUPPORT COSTS 0,2 - 

____ ______ 
FLIGHT

• BOEING COST MODELS FOR AIRPLANE . ‘*‘ TUT

ENGINES. AVIONICS . DSV ELOPMENT

• “CACE” COST MOOEL AFR 173 1O FOR 7 f’
OPERATIONS AND SUPPORT COSTS 0

Figure 15 Twenty’ Year Life-Cycle Cost Comparisons
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Table 6 Twenty- Year Life-Cycle Cost Elements, Based on Statistical Weights

CANTILEVER WING STRUT-BRACED WING
COST ELEMENT AIRPLANE . AIRPLANE ,

767-768. 767-790.

Development $ 4 ,391.843 $ 4 , 1 70.731
Airframe 1,105.06 1 1,115.144
Engines 55.000 55.000
Avionics
Flight test airplane

Airframe 290.239 289.734
Eng ines 5.894 5.94~Avionics 2.200 2.200

Flight test operations 221.054 218.506
Tota l $ 6,071.291 $ 5,857.262

Production
Airframe 51 2.228.037 512 , 520.274
Engines 730.814 737.482
Avionics 272.800 272.800

Total $13,231,651 $13,530,556

Support investsment $ 1,984.748 $ 2,029.583

Operations and support

AGE . spares , mods $ 7 ,623. 7 60 $ 1,647.380
Military pay and allowances 2,012.080 2,012.080
Depot maintenance 1 ,974.980 1.982.680
Fuel 4,910.920 5,138.420
Pipeline support 307.300 307.300
Other 1 ,039.360 1 ,039.360

Total 511,867.800 $12,127,220

Total life-cycle cost $33,155 .490 $33 544 621

NOTE: COSTS IN 1977 $, S MILLIONS

Operating costs were determined for a surge conditon with a higher ut i l izat ion rate of 10
flying hours per day per airplane for a (tO-day period. Ground rules and results are shown in
Figure I and Table 7 . Fuel costs comprise a major portion of ’ t lte operating costs.

Tu e cast coniparisorts in Figures I S and I ~~. and in Tables tt and 7. indicate that  operating
costs and lif’e—cyc le costs of ’ the cantilever wing configuration are cry sligltt lv less than for
the strut-braced wing configuration. lhese results were obtained using t lte stat ist ical weight
evaluations. The ana l y t i ca l  weight evaluations described in Section VI indicate that t lte
gross weights of’ the strut—bra ced wing conli guratio n are less than those of ’ the cantilever
w ing configuration. (‘oitsequentlv . the operating and life -cy cle costs of the strut—bra ced
wing configuration would Lw sliglitl~ IL’S’. titan those of the cantilever wing airplane.

However , to fully determine the pt rfonnance and economic potential of’ t he strut—braced
wing configuration , coordinated det iled structura l and aerodynamic studies are itecessa r~ -
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OPERATING COST ELEMENTS]
REFERENCE
CANTILEV ER STRUT-BRA CED

- WING AIRPLANE , WING AIRPLANE ,
MODEL 767.768a MODEL 767.790.

STUDY GROUND RULES OPERATING 
~

COSTS
• 1976 DOLLARS

• 60-DAY SURGE OS  - 
FUEL

• 112 UNIT EQU1PPED AIRPLAN ES
• 10 FLYING HOURS PER UNIT EQUIPPED -

AIRPLAN E PER DAY . . -

• 7 SQUADRONS 0.6 - -~~~~

• C 141 USED AS BASE FOR OPERATIONS
AND SUPPORT COSTS 

____________

• “CACE” COST MODEL AFR 173.10 FOR ~-:-:-:- :~OPERATIONS AND SUPPORT COSTS 0.4 • OTHER ITEMS

• DEPOT
f MAINTENANCE

0.2 -

MILITARY PAY
AND AL LOWANCES

SE MODS, REPL SP
0 - —

~
--—- ‘ ‘  

~ 
______________

Figure 16 Surge Condition Operating Cost Comparisons

Table 7 Surge Condition Cost Elements, Based on Statistical Weights

CANTILEVER WING STRUT-BRACED WING
COST ELEMENT - AIRPLANE . AIRPLANE ,

767-768a 767-790a

Operations and supp ort 
-

SE , mods, repl spares $ 17.504 $ 17. 703

Military pay and allowances 42.992 42.992
Depot maintenance - 24.229 24.292
Aviation fuel 1 36.416 142.734
Pipeline support 5.411 5.411 5

Other 27 .114 27 ,114

TOTAL $253.666 $260,246

NOTE. COST IN 1977 5, 5 MILLIONS
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SECTION V

CANTiLEVER WiNG GEOMETRY /CRUISE SPEED OPTIMIZATION STUDY

A wing geometry/cruise speed parametric study was conducted to optimize the cantilever
w ing configuration. The technique used consists of the five sequential steps shown in Figure
17 . The first step involves the definition of the study variables . Primary variables included:

• Wing inboard/outboard thickness/chord ratios: 0.14/0 .0 8 : 0 . lS / O . 10:
0. 16/0. 1 2 : 0. 17/0. 14

• W ing aspect ratio: 8. 10. 12 , 14

• Sweep ‘~c - 4  100. 200, i~~0 30°

Secondary variab les included:

• Wing loading: W/ S 60- 1 20 lb/ft 2

• Thrust!weight ratio: T/W 0,10-0.30
• Mach number: M 0.70-0,85
• Optimum cruise altitude

Design constraints included:

• Range = 10,000 nmi
• Payload 350.000 lb
• Takeoff field length ~ 9.000 ft

Principal design figures of merit include:

• Fuel burned - -

• Takeoff gross weight
• Productivity

In the second step, the method of orthogonal Latin squares was used to select 1 6 wing
designs out of the possible 64 combinations of primary design variables. This design
selection procedure provides an unbiased choice of the primary variables, and is a unifo rm
representat ion of the design space,

Each of the 16 selected designs was evaluated and sized by the engine/airframe matching I 
-

technique described in Paragraph IV.2. This step provides specific values of the optimized
secondary variables and figures of merit.

A forward step regression analysis method was then used to construct approximating
funct ions to represent the relationship between the primary independent variables and each
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dependent variable , including the Lonst ra ints and the figures ut merit. l’lie generalized f’onn
of’ the regression equation is:

Uependent variable C 1 + (‘ ‘ (AR ) + (~~~t - ~~) + (‘
4 (.\ 4 ) li.it)e~t r)

+ (‘~(A R s t i c )  + (‘~~( AR ~ .\ + ( I ~.
‘ ‘~ A~. 4 ) ( ( russ prodilc ls)

.~ .
~ I

-, (
~ 1( t  ~

)— + 
~~l O ’~~~~4~ 

(Squares )

l’he stepwise regression analysis retains only the s igni f ican t  Ii’rnis in the equation. l’lie
resul t ing  equations are not laws of nature . but rather represent a sta tisticall y derived data
enrichment procedure.

l’he approximating functions can then he used in a pow erfu l  nonlittear opt iiiii/er to cotni uc 1
co nstrained or unconstrained opt m i  it~ tion . sl.’nsiI ivit v . and 1 rad~.’ sI t i dies. l’his paralnL’IriL’
optimi/at ion process i~ described in Reference 4.

1. OP TIMIZATION RESU LTS

I lk’ design select ions for each of ’ the I (~ conhgurat ions I hat were analvied are shown in
letlrl.’’~ I 8 Ili ro ugh 21 . The selected designs all were close to the constrained niinini uin fuel

conf iguratio n . and also to the constrained minimum gloss we ight con I’igtirat ions. (‘he
correspo nding wing loadings vary from W ’S 85 to I t O  Ih/f ’i — .

R~’suIIs of t h e  wing planform cruise speed opt m i  i/al ~Ofl sI udy ate shown in Figures 22
Ihrough 30. t hese results illustrate t he impact of the wing plan turin geontetrv on 1lie
cruise Mac h number , lil’t/drag ratio . la nge factor , t Itrust ‘ we ight ratio , l’uel requiremen ts .
l( )( ;w . and productivity of the cantilever wing con figurations . The surface t’it equations

are shown to be a good represent ation of ’ the initial baseline con ligural ion and the additional
I 5 sI t idy con figurations.

Fhe spanw ise variation of thickness/chord ratio is shown in Figure 22 . ‘t he Ihickn~’ss/cliord
t a t  io re ferred to in t he subsequent f igures corresponds It) the thickness/chord ratio on the
out board port ion of the wing. In alt cases , the inboard Iliickiii’ss , c) iord is greater t han thaI
out hoard on t he wing.

‘the eI’t’ec ts of ’ plant ’orm geometry on lift/drag ratio and cruise range factor are shown in
1-igures 23 and 24 respectively. Aspect ral io and wing thickness have a powerf ul eI’I’i.’ct on
I he aerody namic elf ic iency o1 the a ii’plane. I ugh aspect rat ios , as shown in Figure 25 , lower
the reqil ireLl thrust/weight ratio significantl y . ( ‘haractt ’i’ istics of t h e  oplmnnini wing plantorms

-I lk~iR - XI. .1 . Ko~ j lik, .1 , S .. .ind Rains,i~ - .1 . ~V. .‘\irp I,ii~- I’ngin~’ Sek’ciiui~ ~Upltiiiiiat ion on Snrt:tc ~’ Iii Appiusi n iatto i ts .’’ .Iournal oI .~ ir~’i.llt . Vo l. 12 . ~~
Jtil~ I ~
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Figure 18 Configuration Selections for the Aspect Ratio 8 Wing Designs
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Figure 19 Configuration Selections for the Aspect Ratio 10 Wing Designs
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Figure 20 Configuration Selections for the Aspect Ratio 12 Wing Designs
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Figure 21 Configuration Selections for the Aspect Ratio 14 Wing Designs
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Figure 22 Cruise Mach Number
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Figure 23 Cruise Lift/Drag Ratio
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with minimum fuel , minimum gross weight , or maximum productivity as figures of ’ merit are
summarized in Table 8. The sensitivities 01’ the optimum configurations to variations in each
of the primary design variables over the range of ’ values studied are shown in Table 8.

The optimum p lant ’orm with  minimum t’uel as the figure ot’ merit has the highest aspect ratio ,
and the lowest sweep and thickness/chord ratio , ( Figures 26 and 27) . This results its a cruise
Mach number of 0.76. The sensitivity data (Table 8) show that achieving a high aspect ratio
and low thickness/chord ratios are most important ,  Reduc ing the aspect ratio from 14 to 8
would increase the fue l consumption by 2 1%. Incre asing the wing thickness/chord ratio from
8% to 14% would increase t’uel consumption by 20% . Wing sweep is seen to be a less impor-
tant parameter.

The minimum t’uel consumption configuration is also the minimum gross weight
configuration (Figures 28 and 29). The optimum wing aspect ratio decreases as either wing
thickness or wing sweep are increased. The sensitivity data show that gross weight varies by
approximately l0”~ for change s in either aspect ratio , thickness/chord ratio , or wing sweep
over the range of values of ’ these variables that  was considered. The wing aspect ratio could
he reduced from 14 to 12. however , without significantly affecting the gross weight.

The maximum productivity contIguration has a low thickness/chord ratio and an aspect ratio
of 12. 7 ( Figure 30). Low thickness/chord ratio is most important in achieving high
productivity. Wing sweep did not significantly affect productivity , since the gross weight
variations with sweep were proportional to the Mach number chan ges.

2 . CANTILEVER WING CONFIGURATION SELECTION

Results of the wing geometry/cruise speed optimization indicate that a wing planform having
an aspect ratio of ’ 14 . thickness ratio variation of 0. 14/0.08 (inboard foutboard ), and sweep of
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Table 8 Optimum Configurations and Design Sensitivities

OPTIMUM CONFIGURATIONS

FIGURE OF MERIT AR tic A
~,4 MACH

Minimum fuel 14 MAX) 0.08 (MINI 100 (MINI 0.76

Minimum 10GW 14 (MAX) 0.08 (MINI 7Q0 (MINI 0.76

Mix umum 12.7 0.08 (MINI Not SIgni fi Cant

DesIgn spaCe: 86 AR 6 14
0.08 4 i/c 6 0.14
100 6 A

~,4 4 30’~DESIGN SENSITIVITIES

CONFIGURATION PRIMARY FIGURE CHANGE (SI DESIGN VARIABLE RANGE

21.4 AR~~8 - 1 4

Minimum fuel A /P Fuel: 19.6 tIc = 0.08 - 0.14

______________________ _______________ — 

6. 7 
~c/4 = ~~~~~~~~~~

10.4 A R ° 8 - 1 4

Minimum 10GW A/P TOGW: 9.8 t/ c = 0.08 ‘- 0.14

-

. 

9.6 A~,4 100 - 3 0°
______________________ _______________ — 

—5. 2 A R 8 ’ . 1 4

Maximum A/P ~~~~~~~~~ 

— 

—15.7 tIc = 0.08 -‘.0.14
10GW 10GW

Not s ignificant 
~c/4 100 — 30°

10 deg minimizes gross weigh t and fuel consumption , and is close to the maximum productivi ty
condition. The wing sweep can be increased to 20 deg and the aspect ratio can he reduced to
12 without significant ly affecting fuel consumption , gross weight , or product iv ity. This
results in an increase in cruise speed (Mach 0.78 instead of Mach 0.7~ ). Addi t ional ly ,  th e
wing span is reduced , which is structurally desirable to help reduce wing tip deflect ions

Consequently . the near~~ptimu rn p lant’orm selected for the reference canti leve r airp lane has
the following characteristics:

• Aspect ratio = I 2
• Quarter chord sweep = 20°

• Thickness/chord ratio = 0.14/0.08 (inboard /outboard )
• Cruise Mach number = 0.78

This is the planform for Model 7b7-768a.
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SECTION VI

LARGE-SPAN WIN G STRUCTURAL ANALYSES

The long range and large payload requirements of the design mission have resulted in study
config urations with very large wing spans. Consequently, preliminary weight evaluations
based on statistical methods require d considerable extrapolation beyond the weight analysis
data base. Detailed structural analyses were therefore made to provide analytical wing
weights , and also an understanding of the elastic characteristics of the very large-span wings.

Structural analyses were made of the base cantilever wing with three different thickness/
chord ratios. The base strut-braced wing was also analyzed.

The structural criteria , analysis methods , and results of the analytical structural and weight
analyses are described in this section .

I .  STRUCTU RAL SIZING CRITERIA

The structura l material technology level assumed for the study (1985 technology ) corresponds
to in-service in the mid-1990 time period. The basic structural material was 350° cure T300
graphite/epoxy. The study wings incorporated a two-spar concept with honeycomb sandwich
surfaces.

The effects of active controls have been estimated and included in the wing load calculations.
Gust load alleviation was estimated to produce a 1 5% reduction in the incremental gust load
factor , and was simulated by an appropriate reduction in dynamic gust factor. Maneueve r
loa d alleviation was approximated using selected control surface deflections.

The structural calculations did not include flutter evaluations. Although large deflections were : -

anticipated , the wings were strength sized and the wing deflections were noted for
comparative evaluations. A 2.5g limit maneuver condition and a l.67g limit taxi condition
were used.

Structural analyse s ground rules are summarized in Figure 31. The structura l analyses for the
cantileve r wing included the basic thickness/chord distribution (0.14/0.08—inboard !
outboard) and two additional thickness distributions , (0. 15/0.10 and 0.16/0. 12) . The
cantilever wing thickness distributions are shown in Figure 31 along with the strut-braced
wing thickness distnbution. Typical structural design speeds are also shown in Figure 31.

2. STRUCTURAL AND WEIGHT ANALYSES METHODS

Material requirements for the cantilever wings were determined using a computerized wing
structural synthesis program, ORACLE. ORACLE combines an aerodynamic loads analysis.
a simplified box-beam stress analysis , and a weight analysis of the wing box. A flow chart
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F
~~~ ORACLE is shown in Figure 32 .  ihe  ueroelastic loads anal y sis is based on beam theory
and li f t ing line aerodyuai n ics~

5
~. ‘i he elastic properties ol the wings were described by bend-

ing sti ffness . El . and tor sional stiffness . GJ. The box-beam stress analysis includes the effect
of combined shear and axia l  stress .

flie e I t e c t ~. ot ’ m aneuver load al l eviat ion were investigated by defl ecting either an outboard
ai leron w u h  the t ra i l ing edge up, or an inboard flap wi th  the trai l ing edge down.

Stat i st ical  weight estimates were used to support th e in i t ia l  airplane sizing exercises and th e
cant i lever  wing param etric opt im i ta t ion studi e s.  These weight estimates established tr ends
th a t  allowed select ion of ’ desired wing p lant ’orm chara ct eristi cs and wing site. The stat ist ica l
weight estimates required considerable extrapolat ion ot ’ the data base to accoun t for the

I WEIGHTS 
____________

I -
~ GEOMETRY AND
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1~ 

— — — — 1 . DISTRIBUTIONS
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L 
DEFINITION J

AERODYNAMIC DATA

—~~~~
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r MATERIALS I STRUCTURAL ANALYSIS

L ~~~~~~~~~~~~ 
AND SIZING

WING BOX
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WING I
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~L _ _ _~~
Figure 32 ORACLE—Structural Synthesis Program

~ . W.  L., and Schenk. K. NI. - “A Meth od for (‘akulating the Subsonic Steady-State
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large size of the study airplanes and for the advanced technology . The required degree of
extrapolation was minimized by scaling from analytical wing weights derived in Boeing
in-house large freighter studies.

The structural analyses described in this section provided definition of the wing material
require ments necessa ry for the analytical weight evaluations of the cantilever and strut-braced
wing pla nt’orms. These theoretical evaluations of the wing primary structure , plus statistical
evaluations of the secondary structural weight items , comprise the analytical  weigh t
evaluations of the large span wings. The weight analysis procedure is described in more
detail in Reference 6.

Results of the structura l and weight analyses of the cantilever and strut-braced wings are
summarized in the sections that follow.

3. CANTILEVER WING STRUCTURAL ANALYSES

The locations of spars and the load refe rence axis used for all of the cantilever wings are
shown in the planview in Figure 33. The outboard aileron and inboard flap control surface s
used in the maneuver load alleviation studies are also shown. The aileron is located between
the outboard nacelle and the wing t ip ,  and has a chord lengt h equal to 20~ of ’ t Im e wing
chord. The inboard flap is located between the inboard nacelle and the side of the body .
and has a chord length equal to 1 0% of the wing chord. The flap used for load al l eviat ion is
the aft part of the main flap, and was assumed to rotate about a hinge located at QO~ wing
chord to allow rapid action.

All of the wings were sized by a 2 .5g maneuver condition and the 1.67 g taxi  condition.
Figure 33 contains the design loads for the thinnest wing. The differences in wing thickness
distributions ot’ the three study wings ( Figure 3 I )  had l i t t l e  efkct on the design loads.

The required equivalent structural material thicknesses of the wing boxes of th e three
cantilever wings are shown in Figure 34. The equival ent structural m a ter i a l  thickness
requirements decrease as the wing overall thickness/chord ratio increases. Bending and
torsional stiffn esses are shown in Figure 35. Wing stiffness increases as th e wing is thickened.

Vertical detlections of the cantilever wings and the strut-braced wing are shown in Figure 36
at ta x i , cruise , and maneuver conditions. These resu lts indicate an area of concern in the taxi
condition , where the ti p and/or outboard nacelle strike the ground. Increased wing thickness
alleviates but does not cure this prob leni . Additional design modit lcations and studies would
he necessa ry to define the most desirable solution . The strut-braced wing discussed in the
next  section provides a solution for wing deflection concerns during taxi , as shown in Figure 36.

~~ . Ander son. R . I... and Gindhar adas . B. - “Win g Aer oela sti c Structural Ana ly s is  App lied
t o the Study of FueI .Conscrving CTOL Transports. ” SAW E Paper No. 1 040 . Ma~ I ~Y’5
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Figure 34 cantilever Wing Equivalent Structural Meter/al Thickness
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GRAPHITE/EPOXY SANDWICH STRUCTURE
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Figure 35 cant/lever Wing St/f fnesses

The effects of ’ maneuver load alleviation (MLA )  were investigated by deflecting either an
outboard aileron with th e trai l ing edge up.  or an inboard flap with the trai l ing edge down , to
fry to shift wing lift loading inboard and thereby reduce the wing root bending moment. The
spanwise lift distributions with and without MLA are shown in Figure 37, When the ailerons
were deflected , the flexible wings tended to wash in at the tips , thereby shifting the wing lift
outboard . I-fence , use of the ailerons actually produced an undesirab le increase in root
bending moment.

When the i nboard flaps were deflected , the lift loading shifted inboard , producing a desired
• reduction in root bending moment (Figure 37). Hence, an MLA system using the inboard

flaps pro vided a wing weight saving for the study configurations.

Resu lts of ’ the wing weight evaluations based on th e aforementioned structural analyses are
shown in Figure 38 as weights relative to the statist ical weight evaluations of th e reference
ca ntileve r wing ( f/c 0. 1 4/0.08).
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Figure 31 Wing Lift Distributions and Root Bending Moments
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Figure 38 comparison of Statist/cal and Analytical Weight Estimates—Cant//ever Wings

The statistical weight analyses under—predicted the wing weights , par t icular l y  for th e th inner
wings. The effects  of ’ wing thickness on wing weight as predicted by th e anal y t ic al a nd the
sla t i s t i ca l methods art ’ similar. The impact of ’ the differences in estimated wing weigt its on
the fuel consumption , empty weigh t , and gross weight of ’ the study airplanes is discussed in
Section IV.

4. STRUT -BRA CEI ) WING STRUCTURAL ANALYSES

the strut-braced wing has been structurally analyied by th e following i t erat iv e proc edure .
I n i t i a l ly ,  an equival ent stiffness was assumed for the portion of ’ the wing supported by the
ma in strut jury strut arrangement. The beam analysis program . ORA( ’LF , was then used to
calculate the aeroelastic loads and defleetions of the “equival ent ” cantilever wing
representation of the strut-braced wing.

• The initial aeroelastic loads were then imposed on a f ’inite element model of the Wing and
strut geometry with estimated stiffnesses. The finite element model provided the distribution
of the loads between the strut and the wing, and the corresponding internal loads, The
inboard wing and strut were rcsi~ed . based on the internal loads t’rom the finit e element
program, and new st ift ’nesses were incorporated into the modelmg of’ the wing. Iteration was
concluded when the wing and strut loads . detlections , and st i ft ’nesses suffi ciently converged.
This iteration procedure is shown in Figure 39.

initial analyses of th e strut—brac ed wing indicated the need for a jury strut  to prov de a more
structurall y efficient wing/ strut arrangement. Consequently , a jury strut was incorporated
into the definition of ’ the baseli ne braced Win g arran~~nwnt (Figure ti ) ,

So
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Figure 39 Strut -Braced Wing Structural Analysis Methods

The strut-braced wing spar locations are shown in Figure 40, This tigure also contains the
design loads for the strut-braced wing.

ih e  required equival ent structural material thicknes s of the strut-braced wing is shown in
Figure 4 1, The anaI~tical weight of the strut -braced wing was approximate ’y 5( higher than
the statistical weight prediction .

Vertical detlections of the strut-braced wing are shown in Figu re 36. The strut-braced wing
concept eliminated taxi deflection concerns of the large-span wings of the study
eon figurations .
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SECTION VII

RECOMMENDATIONS

Transport aircraft contigurations designed to carry large payloads over very long ranges
favor relatively th in , high aspect ratio wing planfor ms for low gross weight and minimum
fuel requirements. These very large-span wings experience large aeroelastic deflections.
The large structural deflections could ult imately limi t wing span lengths. Span length limits
could impose a strong indirect relationship between the design mission requirements and the
optimum wing p lanform characteristics.

The strut-braced wing concept offers a potentially structurally efficient approach to develop
large-span wing designs. However , a significant number of design variables related to
integrated wing/body/ strut design must be investigated to arrive at an optimized design .
Detailed aerodynamic design , structura l design , and wind tunnel test verification studies are
necessary to fully identify the potential of transport airc ra ft configurations employing

• large-span strut-braced wings.

Recommended studies necessary to determine limitations , and performance and economic
benefits of very large-span transport aircraft include:

• Detailed structural design and anal yses studies (includ ing flutter) with aluminum
structure , and also with advanced composites materials , to identify design limitations
and perfo rmance potential of very large-span cantilever wings.

• Aerodynamic design studies and wind tunnel test verification studies to minimize
wing/ stru t interference effects on profile and compressibility drag. The use of ’
emerging advanced aerodynamic design and analysis methods capable of properl y
modeling the wing/ stru t intersection , including viscosity effects and three-dimensional
transonic flow , would be very desirable.

• Detailed design and structura l analyses (including autter) of strut-braced wings with
aluminum structure , and also with advanced composites materials , to define design
limitations and weight characteristics of large span-braced wings.

• Parametric detailed design studies to determine optimum wing/strut geometry
characte ristics.

• Range/payload studies to explore the impact of design objectives and criteria on
opti mum wing/strut characteristics and on structural design limitations.
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SECTiON VIII

CONCLUSIONS

The purpose of the study was to conduct a preliminary design investigation of very large ,
long-range turbulent flow military transport aircraft . Performance and economic comparisons
were made between strut-braced wing and cantilever wing configurations.

Major conclusions of the study that apply specifically to very long-range , high-payload
milita ry transport airplanes of relatively low utilization are :

• Based on parametric statistical weights , the best cantilever wing planform for minimum
takeoff gross weight (10GW), and minimum fuel requiements has a high aspect ratio ,
low sweep. low thickness/chord ratio , and a cruise Mach number of 0.76.

• A near optimum planfo rm with greater speed capability has:
• Aspect ratio = 1 2
• Quarter chord sweep = 20 deg
• Thickness/chord ratio 0.14/0,08 ,(inboard /outboard )
• Cruise Mach = 0.78

• Results obtained with the more accurate analytic weights confirmed the parametric
statistical weights result: that the thinnest wing (t/c 0.14/0.08) is the best for mini-
mum fuel. However , the analytic weigh t results indicated that minimum TOGW is
achieved by increasing the wing thickness ratio to t/c 0. 15/0. 10. The cruise speed
would be reduced to M = 0.76. The minimum empty weight occurred wi th the wing
thickness ratio further increased to t/ c = 0.16/0.12. The cruise Mach number in this
case would be reduced to 0.74.

• Results of the structural analyses indicated that the very large-span cantilever wing
designs experience significant deflections. Increasing the wing thickness tended to
alleviate taxi condition deflection concerns at the expense of increased fuel
requirements.

• Additional detailed design and structural analyses are necessary to establish design
limitations of very large-span cantilever wings.

• Based on analytic (structural analyses) weights and projected improvements in wing/
strut aerodynamic designs, the strut-braced wing offers the potential of lower gross
weight , lower empty weigh t , and reduced fuel consumption .

• The strut-braced wing design was effective in reducing taxi deflections of very large-span
wings.
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— • Aerodynamic design and wind tunnel test verification studies are necessa ry to fully
— identify the wing/ strut integration aerodynamic effects.

• Additional wing/strut design investigations and structural analyses are necessary to
optimize the design of a very large -span strut-braced wing.
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